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Two heads are better than one: crystal structure of
the insect derived double domain Kazal inhibitor
rhodniin in complex with thrombin

Andreas van de Locht!, Doriano Lamba,
Margit Bauer, Robert Huber,

Thomas Friedrich?, Burkhard Kroger?,
Wolfgang Hoffken? and Wolfram Bode'

Max-Planck-Institut fiir Biochemie, Abteilung Strukturforschung,
82152 Martinsried and 2Abteilung fiir Biotechnologie,
BASF Aktiengesellschaft, 67056 Ludwigshafen, Germany

ICorresponding authors

Rhodniin is a highly specific inhibitor of thrombin
isolated from the assassin bug Rhodnius prolixus. The
2.6 A crystal structure of the non-covalent complex
between recombinant rhodniin and bovine o-thrombin
reveals that the two Kazal-type domains of rhodniin
bind to different sites of thrombin. The amino-terminal
domain binds in a substrate-like manner to the narrow
active-site cleft of thrombin; the imidazole group of
the P1 His residue extends into the S1 pocket to form
favourable hydrogen/ionic bonds with Asp189 at its
bottom, and additionally with Glul92 at its entrance.
The carboxy-terminal domain, whose distorted
reactive-site loop cannot adopt the canonical conforma-
tion, docks to the fibrinogen recognition exosite via
extensive electrostatic interactions. The rather acidic
polypeptide linking the two domains is displaced from
the thrombin surface, with none of its residues involved
in direct salt bridges with thrombin. The tight (K; =
2X10"3 M) binding of rhodniin to thrombin is the
result of the sum of steric and charge complementarity
of the amino-terminal domain towards the active-site
cleft, and of the electrostatic interactions between the
carboxy-terminal domain and the exosite.
Keywords: crystal structure/electrostatic
hirudin/Kazal-type/thrombin inhibitor

interaction/

Introduction

a-Thrombin (EC 3.4.21.5) is a serine proteinase of trypsin-
like specificity, which is activated and liberated into the
bloodstream in vivo by limited factor Xa cleavage of
its inactive precursor prothrombin. a-Thrombin, the key
enzyme in hemostasis and thrombosis, exhibits both
enzymatic and hormone-like properties, and can be both
pro- and anti-coagulatory. It cleaves fibrinogen to fibrin
and stimulates platelet aggregation via cleavage of the
thrombin receptor, in this way effecting thrombus forma-
tion. Furthermore, it activates other coagulation factors
and interacts with a variety of other cells. Thrombin
activity in vivo is regulated by the plasma inhibitors -
macroglobulin and by the serpins antithrombin III, heparin
cofactor II and proteinase nexin I (for reviews see Stubbs
and Bode, 1993; Kalafatis et al., 1994).
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Several characteristic structural features enable throm-
bin to accomplish these divergent functions with high
specificity. Its canyon-like active-site cleft is narrowed by
two large insertion loops, the rigid 60 loop and the more
flexible 149 loop opposing it [thrombin residues are
identified via the chymotrypsinogen numbering deduced
from topological equivalence (Bode er al., 1989, 1992);
the suffix ‘I’ serves to distinguish rhodniin from thrombin
residues]. This appears to restrict access of macromolecular
substrates and inhibitors to the catalytic residues at its
base (Bode et al., 1989, 1992). In contrast to the digestive
enzyme trypsin, thrombin prefers Arg to Lys residues at
the P1 position of substrates (P1, P2, etc. and P1’, P2',
etc. designate substrate residue positions amino- and
carboxy-terminal of the scissile peptide bond respectively,
and S1, S2 and S1’, S2’, etc. the corresponding subsites
in the proteinase) (Lottenberg et al, 1983). Another
characteristic feature of o-thrombin is the clustering of
like charges giving rise to a sandwich-like electric field
distribution (Bode et al., 1992). The active-site residues
are at the edge of a negatively charged surface area. A
positively charged surface patch situated at the carboxy-
terminal exit of the active-site cleft (called the ‘fibrinogen
recognition exosite’) interacts with negatively charged
groups of many specific thrombin substrates and inhibitors
(Hofsteenge et al., 1986), and another positive patch has
been implicated in heparin binding (Church et al., 1989;
Ye et al., 1994).

In order to feed on blood from mammalian hosts,
hematophageous animals must prevent local clotting of
the victim’s blood. These parasites have developed various
anti-clotting mechanisms (for a review see Markwardt,
1994), including the specific inhibition of thrombin. The
most prominent of these natural thrombin-directed inhibi-
tors is hirudin, a 65 residue polypeptide isolated from
the European leech Hirudo medicinalis (Walsmann and
Markwardt, 1981; Stone and Hofsteenge, 1986; Dodt
et al., 1988). The specificity and potency of this inhibitor
results from the combined interaction of the compact main
body with thrombin surface sites close to the active site,
and of the acidic carboxy-terminal tail with the basic
fibrinogen recognition exosite (Rydel et al., 1990, 1991;
Griitter et al., 1990). Specific thrombin inhibitors with
hirudin-like (Scacheri et al., 1993) or other sequences
(Steiner et al., 1992; Strube et al., 1993) have been
isolated from other leeches and also from snake venom
(Zingali et al., 1993).

Anti-coagulatory agents from blood sucking insects
have also been identified (see Markwardt, 1994) including
platelet. aggregation inhibitors, factor Xa inhibitors and
the 103 residue thrombin inhibitor rhodniin from Rhodnius
prolixus (Friedrich et al., 1993). Rhodniin is composed of
two Kazal-type domains and exhibits an inhibition constant
of ~2X 10713 M. Kazal-type inhibitors had previously been
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Table I. Alignment of rhodniin’s amino and carboxy-terminal domain
with the third domain of the turkey ovomucoid inhibitor (OMTKY?3)
(Kato er al., 1978)

1 5 10 15 20 25 29
OMTKY3 -LAAVSVD[CISEYPKPARIT LEYRPL[CGSDNK
u 51 g 151@ 201
Rhod1 EGGEP[] A[CIP BIALHRV[CIGSDGE
491 551 % 651 701
Rod2 EPDEDEDV[CQ ECIDGDEYKPVIGSDD |
30 40 45 50
OMTKY3 TYGNK@NFIEINAVVESNGTLTLSHFGKFEI

251 301 351 401 451
Rhodl TYSNP@TLN@AKFNGKPELVKVHDGP&
751 & 851 901 951 1001 1031
Rhod2 TYDNNICIRLECIASI SSSPGVELKHEGP[CIRT

The sequences were aligned due to structural homology. ‘Rhod1’ and
‘Rhod2’ denote rhodniin’s amino- and carboxy-terminal domain
respectively. Compared with classical Kazal-type inhibitors the amino-
terminal part of both rhodniin domains is truncated to one and two
residues respectively, between the first and the second cysteine residue.
In the carboxy-terminal domain one amino acid is inserted between the
second and the third cysteine. Cysteine residues are marked by boxes,
His10I at position P1 is displayed inverse. The aligned sequences were
formatted using the program ALSCRIPT (Barton, 1993).

suggested as candidates for thrombin inhibition based on
modelling studies (Bode et al., 1992), since they would
minimize steric hindrance with thrombin’s active-site cleft.
In spite of the early finding of the bovine pancreatic
secretory trypsin inhibitor as an anti-coagulant protein
(Kazal et al., 1948), no Kazal-type inhibitors displayed
strong inhibitory activity towards thrombin. Here we
describe the crystal structure of the non-covalent complex
between rhodniin and thrombin to elucidate the rhodniin
structure and its mechanism of interaction with thrombin.

Results

The complex between rhodniin and thrombin
Rhodniin consists of two compact domains of essentially
Kazal type, which are covalently connected through an
acidic linker peptide (see Table I). The spatial structure
shows residues 11-48I to constitute the amino-terminal
domain and residues 55I-103I, the carboxy-terminal
domain. Each of the two domains binds independently
towards completely separate surface sites of thrombin (see
Figure 1). The amino-terminal domain of rhodniin interacts
in a substrate-like manner with thrombin’s active site
via its reactive-site loop, whereas the carboxy-terminal
domain, rotated by almost 90° along the connecting
linker segment, faces the fibrinogen recognition exosite
of thrombin with its flat side. The inter-domain linker
shows an overall extended conformation and has only a
few van der Waals contacts with the thrombin surface.
The interface between the rhodniin molecule and thrombin
which is buried upon complex formation comprises
~1900 A2, and as such is of similar size to that of the
hirudin—thrombin complex. The first domain accounts for
63% of this interface, whereas the contribution of the
second domain is 33%.

The amino-terminal domain

The amino-terminal domain of rhodniin resembles a thin
disc. Its core comprises the typical secondary structure
elements of the classical Kazal inhibitor (Weber et al.,
1981; Bolognesi et al., 1982): i.e. a short B-hairpin loop
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(with strands 141-171 and 20I-23I), followed by a three-
turn o-helix (251-35I) that, after an open turn, ends in a
curved C-terminal segment, which aligns with the B-loop
and forms a short three-stranded antiparallel B-pleated
sheet (see Figure 2). The carboxy terminus is disulfide
bridged to the first strand via Cys16I-Cys48I. The segment
Ala7I(P4) to Argl4I(P4') forms the characteristically
exposed reactive-site loop, which on both sides of the
scissile peptide bond, His10I-Alalll, is anchored to the
molecular core; through disulfide bridge Cys8I(P3)—
Cys271 on the amino-terminal side, and on the carboxy-
terminal side via hydrogen bonds formed between the
amide nitrogen of the highly conserved Asn25I (Laskowski
et al., 1990) and the carbonyl groups of Pro9I(P2) and
AlallI(P1").

In strong contrast to the classical Kazal-type inhibitors,
however, which have a seven to eight amino acid spacer
between the first and the second cysteine, in the first
rhodniin domain these cysteine residues are separated by
a single residue only. Nevertheless, the amino-terminal
segment is still disulfide-clamped to the central helix
without distortions at the reactive site or within the domain
scaffold through a shift of the disulfide bridge partner of
the first cysteine downstream by one position in the helix.
This results in an almost perpendicular orientation of this
Cys6I-Cys311I disulfide bridge compared with that in
classical Kazal inhibitors. As a consequence, the amino-
terminal segment GlulI-ProSI cannot run across the flat
side, but is aligned along the small corner of the domain,
so that the rhodniin domain exhibits a disc-like rather than
a wedge-like shape, and the hydrophobic core becomes
partially accessible.

Interaction of the amino-terminal domain with
thrombin

The reactive-site loop of the first rhodniin domain from
Cys6I(P5) to Arg141(P4') is in direct contact with thrombin
and binds to its active site in a substrate-like manner, that
is with the main-chain conformation and intermolecular
hydrogen bond interactions characteristic of canonical
binding proteinase inhibitors (Bode and Huber, 1992).
The four residues preceding the scissile peptide bond are
aligned to the enzyme segment Ser214-Gly216 in an
antiparallel, twisted manner, forming the typical single
(between Ser214 O and His10I N) and double hydrogen
bonds (between Gly216 N,O and Cys8I O,N) (see Figure
3); due to a sizable kink at Ala7I(P4), an additional
hydrogen bond is formed between Cys6I(P5) O and
Gly219 N. In agreement with the canonical binding, the
His10I(P1) carbonyl group of the scissile peptide bond is
situated in the oxyanion hole fixed via a bifurcated
hydrogen bond to Glyl93 N and Ser195 N, and the
following three residue segment runs antiparallel to throm-
bin segment Leud40-Leud1, forming the usual hydrogen
bond between Leul2I(P2’) N and Leu41 O.

The imidazole side chain of the P1 residue His10I extends
into the S1 pocket, leaving a gap to the Asp189 carboxylate
group at the bottom of this pocket which is spanned by a
buried solvent molecule. This water molecule is a hydrogen
bond donor to both carboxylate oxygens (2.8 A and 3.1 A)
and to Gly219 O (3.3 A), and an acceptor from His10I
N¢2, His10I(P1)N3! donates another hydrogen bond to one
carboxylate oxygen of Glu192 (2.8 A). The second carboxy-
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Crystal structure of rhodniin-thrombin complex

Fig. 1. Stereo view of the complex formed between thrombin (blue) and rhodniin (red) in the thrombin standard orientation, i.e. with the active-site
cleft facing the viewer and a bound inhibitor chain running from left to right. Yellow connections indicate disulfide bridges. Rhodniin interacts
through its amino-terminal domain in a canonical manner with the active site and through its carboxy-terminal domain with the fibrinogen
recognition exosite of thrombin. The secondary structure elements were determined with the program DSSP (Kabsch and Sander, 1983). The figure

was produced with SETOR (Evans, 1993).

Fig. 2. Superimposition of the amino-terminal (red) and carboxy-terminal (blue) domain of rhodniin. Both domains are shown as Cy-models. The
side chains of His10I (P1) and Asp63I are also drawn. The figure was produced using SETOR (Evans, 1993).

late oxygen of this Glu192 is hydrogen bonded to another
buried water molecule, which is thus surrounded in a tetra-
hedral manner by four hydrogen bond partners, namely two
hydrogen bond acceptors (Glu192 carboxylate oxygen and
Glu146 0) and two hydrogen bond donors (Asn143 N3 and
Ser241 O) (see Figure 3). Thus His10I(P1), in spite of the
normally observed high preference of thrombin for Arg
P1 residues, occupies the S1 pocket and simultaneously
satisfies the special hydrogen bond and charge compensa-
tion requirements set by Glu192.

Similar to other related protein inhibitor—serine protein-
ase complexes (see Bode and Huber, 1992), the scissile
peptide bond His10I-Alal1l of rhodniin seems to be intact
in its thrombin complex. However, there is continuous
electron density at the 26 contouring level between Ser195
0" and His10I C, which might indicate a substantial degree
of covalent interaction. This possibility is supported by
protein refinement with relaxed geometry restraints, which

results in an approach of the OY atom to 2 A from this
carbonyl carbon. Due to the restricted resolution of the
reflection data, however, this statement must be considered
with the appropriate caution.

The side chain of P4 residue Ala7l points towards
thrombin’s aryl-binding site lined by Ile174, Trp215 and
segment 97-99; the small side chain thus leaves this
site empty in the complex. In contrast to this non-
complementary arrangement up to P4, the central and the
primed part of the reactive-site loop of rhodniin’s amino-
terminal domain fit into the narrow active-site cleft (see
Figure 4). Cys8I(P3) and its disulfide bridge to Cys271
directly pack against the indole moiety of Trp60D, shifting
it slightly from the position observed in PPACK-thrombin;
the pyrrolidine ring of Pro9I(P2) neatly fits into the S2
cavity of thrombin, formed by Leu99, His57, Tyr60A and
Trp60D. The Alalll(P1’) side chain fills the small S1’
pocket of thrombin left by Lys60F, and the His13I(P3')
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Fig. 3. The final coordinates of the S1 pocket of thrombin and its environment are shown with the 2F—F density contoured at 16. Thrombin and
rhodniin residues are displayed white and yellow respectively. Possible intermolecular hydrogen bonds are shown with broken lines. The imidazole
group of His10I(P1) is hydrogen-bonded to the carboxylate group of Glu192 and to a water molecule, which fills the empty space in the pocket. This
water molecule is also hydrogen-bonded to Asp189 at the bottom of the pocket and to the carbonyl group of Gly219. The figure was produced using

the program MAIN (Turk, 1992).

TRP./60D

J

|
A ey i
ASP “189 TRP. 148 ,)\;..

A

GLU: 192 |
_fRP .1'418,)\

\-.

Fig. 4. Stereo view of a 10 A section through the rhodniin (yellow)-thrombin (orange) complex, overlain with their corresponding Connolly dot
surfaces. Thrombin’s active-site residues, rhodniin’s reactive site and Trp60D (top) and Trp148 (bottom) are shown. View is from the left side of the
complex, i.e. 90° rotated along y compared with the standard view (Figure 1), so that the active-site cleft points to the right. The figure was

produced with MAIN.

imidazole group can receive a hydrogen bond from the
same lysine. The guanidine group of Argl4I(P4’) is
favourably placed to form a hydrogen/ionic bond to
thrombin’s carboxylate group of Glu39, which in turn
forms another hydrogen/ionic bond to the side chain of
Arg35 flanking it on the opposite side.

In addition to this reactive-site loop, the first rhodniin
domain is in direct contact with thrombin through residues
Thr22I to Cys271. In particular Pro26I forms, together
with the His13I(P3') imidazole moiety and Pro9I(P2), a
groove which is interlocked with the indole group of
Trp60D. The opposite flat side of the inhibitor domain
around Thr22I touches the hydrophobic face of Trp148
and a few residues of the following 149 insertion loop
(see Figure 4). This characteristic thrombin loop, which

5152

in PPACK-thrombin (Bode et al., 1989; 1992) and in
hirudin-thrombin (Griitter et al, 1990; Rydel et al.,
1990, 1991) exhibits a narrow and quite open geometry
respectively, adopts in the rhodniin complex a conforma-
tion intermediate between both extremes, presumably upon
adapting to the inhibitor surface.

The carboxy-terminal domain of rhodniin

The carboxy-terminal domain of rhodniin is almost
identical in size and shape to the amino-terminal domain.
It likewise includes a core made up of a three-turn o-
helix and a three-stranded antiparallel B-pleated sheet,
with the N-terminal part of the helix enclosed by the
curved reactive-site loop (see Figure 2). This loop segment
differs, however, in that two additional single residues are




inserted; one between the first and the second cysteine,
and the other behind this second cysteine (see Table
I). Both insertions are accommodated, almost without
distortion of the residual scaffold, by bulges resulting in
a S-like curled loop segment Asp55I-Asp63I consisting
of three adjacent 14 tight turns. As a consequence, this
loop cannot bind to a serine proteinase. Both amino-
terminal cysteine residues, Cys57I and Cys60I, and their
side chains are nevertheless oriented to form similar
disulfide bridges to the central helix as the equivalent
residues do in the first domain, whereas the succeeding
Asp611-Gly62I-Asp631 segment differs considerably
from Pro9I(P2) and His10I(P1) (see Figure 2). From
Glu64l onwards, however, the loop segment runs virtually
identically to the P1'-P4’ segment of the first domain.
We note that sequence Glu64I-Tyr651-Lys66I-Pro671 is
almost identical to the P1'-P4’ segment of many ovomu-
coid third domains (Laskowski et al., 1990). Loop segment
Thr751-Cys80I which crosses below the ‘reactive-site
loop’ has a conformation similar to the equivalent loop
in the first domain (see Figure 2); this holds also for the
characteristic ‘spacer’ residue Asn78I, which hydrogen
bonds via its carboxamide N® to Glu64I O (formally P1'),
but finds only a water molecule where normally the P2-
carbonyl is bound, due to the loop distortion caused by
the insertions.

Interaction of the carboxy-terminal rhodniin
domain with thrombin

The carboxy-terminal domain binds via its ‘left’ edge and
‘left-hand front’ side (relative to the orientation shown in
Figure 2) to the positively charged patch extending to the
right (thrombin standard orientation, see Figure 1) of
the 37 loop, which constitutes most of the fibrinogen
recognition exosite. There the amino-terminal segment up
to Asp63I is placed on top of thrombin segment Arg75—
Arg77A, while the surface residues of the third turn of
the helix and the following loop are in contact with
thrombin residues around Arg67 and segment 80-84
through a flat, contourless interface. The amino-terminal
decapeptide including five acidic residues is placed across
the positive charge cluster formed by thrombin residues
Arg67, Arg75, Arg77A and Lys87; only Glu591I (2.8 Ato
Arg75 N") and Asp63I (3.1 A to Arg77A N") are involved
in direct ionic/hydrogen bonds, while the side chains of
Asp55I, Asp611 and Glu64I point away from the thrombin
surface and form intramolecular salt bridges with Arg811
and Lys661. Glu83I and Glu94l, anchored in the middle
of the helix and in the following loop respectively, are
oriented towards residues Lys81, and Lys109, Argll0,
Lys36 at the opposing thrombin surface, but do not form
direct charged hydrogen bonds with these residues. The
four charged side chains of Lys96l, His97I, Glu98I and
Argl02I at the carboxy terminus of the carboxy-terminal
domain point away from the thrombin surface; their overall
positive charge might assist pre-orientation of the second
rhodniin domain with respect to the thrombin exosite I. It
should be noted that Asp55I and Asp61l, in addition to
forming the intramolecular salt bridge with Arg81I, make
jonic/hydrogen bond contacts with Lys169 N& of a sym-
metry-related thrombin molecule, and that a few atoms of
the third helical turn and the carboxy-terminal residues
are in crystal contacts with adjacent molecules; these

Crystal structure of rhodniin-thrombin complex

contacts apparently assist in fixing the rhodniin second
domain in the crystals, but seem to be too weak to affect
overall binding of the carboxy-terminal domain to the
thrombin exosite.

The connecting inter-domain linker peptide

The six residue linker peptide is spanned between the last
residue of the first domain, Cys48I, and the first turn-
forming residue of the second domain, AspSSI, with an
overall extended conformation such that the anionic side
chains alternately point in opposite directions and run
approximately parallel to the thrombin surface, albeit at a
significant distance. Although the rhodniin linker main
chain follows a zig-zag course similar to hirudin segment
52I-571 in the corresponding hirudin—thrombin complexes,
the rhodniin linker is shifted out of the active-site cleft
and ‘down’ (seen in the thrombin standard orientation
used in Figure 1) for ~5 A, so that only the AspS1I side
chain [which in addition forms an internal salt bridge with
Argl41(P4')] directly touches thrombin surface residues,
though only through a few van der Waals contacts. In a
complex with human thrombin, where a lysine residue
replaces the Glu149E of the bovine species, Glu49I could
become engaged in a more direct interaction.

Discussion

A large number of multi-domain serine proteinase inhibi-
tors is known, in particular of the Kazal type where up to
seven domains can be loosely connected via more or less
flexible linker peptides (see Laskowski et al., '1981).
Rhodniin represents the first protein inhibitor where two
flexibly linked domains bind to the same proteinase
module. Both domains belong to the Kazal family, but
possess truncated amino-terminal segments compared with
the classical Kazal inhibitors.

The amino-terminal domain of rhodniin fits precisely
into the active-site cleft of thrombin. This is due not only
to the thin binding edge characteristic of Kazal-type
inhibitors (see Bode et al., 1992), but results in particular
from the specific sequence of distinct reactive-site loop
residues. In addition to the interactions of Pro9l, His10I
and Alalll, the side chain of Leul2l fits the S2' site
better than the more common Tyr; His13I can mediate
hydrogen bonds and stack with aromatic residues in S3’,
and Argl4l at P4’ allows charge compensation of Glu39.
The clustering of positively charged inhibitor residues at
P3’ and P4’ might be particularly beneficial for thrombin
binding; an aspartic acid in the P3’ position of the reactive-
site loop markedly reduces the inhibitory potency of anti-
thrombin III (Theunissen et al., 1993), and mutational
analysis of Glu39 to Lys in thrombin (Le Bonniec et al.,
1991) has suggested that this acidic residue might prefer
a basic residue at P3’.

Besides the good complementarity of the reactive-site
loop, the tightness of the rhodniin first domain—thrombin
complex seems also to be achieved by the good fit of
secondary binding sites with both exposed insertion loops,
increasing the buried surface area to ~1200 A? e
well above the values normally observed for canonical
inhibitors (Bode and Huber, 1992).

In light of the strong preference of thrombin for P1
Arg residues in peptide substrates, the presence of a Pl
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Fig. S. Stereo plot of rhodniin (top) and hirudin (bottom) showing the thrombin-binding sides of both inhibitors by their solid surface. Both
inhibitors are viewed at as seen by the thrombin molecule, i.e. rotated 180° around the vertical axis compared with Figure 1. The calculation and
graphical representation were done with the program Grasp (Nicholls er al., 1993) using the Amber partial charges (Weiner et al., 1984), dielectric
constants of 2 and 80 for the protein and solvent respectively, and a salt concentration of 0.145 M considering solvent accessibility and non-
accessibility for the inhibitors in their thrombin complexes. The electrostatic potentials were contoured from —8 (intense red) to 8 kgT/e (intense
blue), where kp is Boltzmann’s constant and T the absolute temperature. The contact surface of the amino-terminal rhodniin domain is lined by both
negative and positive groups, whereas that of the carboxy-terminal domain is dominated by negative charges.

His residue in the first rhodniin domain is astonishing on
first glance only. To our knowledge, His has never been
found as a P1 residue in any of the naturally occurring
serine—proteinase protein inhibitors (see Laskowski e? al.,
1987), and the occurrence of a P1 His residue at the
cleavage site of various deficient fibrinogen species is
associated with impaired fibrin polymerization (Lane et al.,
1993), suggesting that the conservation of Arg arises from
evolutionary constraints other than protease binding. The
rhodniin—thrombin structure reveals that the histidine side
chain can be suitably arranged in the S1 pocket, with a
water molecule coupling its imidazole group to Asp189
at the bottom. A very similar arrangement had previously
been suggested for thrombin’s interaction with Argl6—His
dys-fibrinogenaemic fibrinogen variants by modelling on
the basis of the trypsin—pancreatic trypsin inhibitor com-
plex (Southan et al., 1985). It might be interesting to note
that inhibitors with clear homology to rhodniin have been
isolated from Triatoma infestans, Triatoma megista and
Triatoma phyllosoma, which display an arginine at the P1
position, and which, upon isolation via a thrombin affinity
column, were partly found with the reactive-site bond
cleaved, in strong contrast to rhodniin. This observation
might indicate the importance of a special P1 side chain-
S1 pocket arrangement for catalysis, capable of pulling
the arginine side chain into the pocket with simultaneous
exertion of distortion forces on the scissile peptide bond.
The particular highlight of the rhodniin—thrombin struc-
ture is, however, the arrangement of the His10I imidazole
group near thrombin’s characteristic Glul92 side chain;
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in this way meeting all hydrogen bonding and charge
compensation requirements. The favourable arrangement
of the Glu192 carboxylate group in this complex is assisted
by an additional buried solvent molecule, which connects
it to other groups in the vicinity. The dramatically changed
properties of a Glul92—GlIn thrombin mutant towards
protein C and factor X activation clearly showed that
Glul92 is a major determinant for restricting thrombin’s
specificity (Le Bonniec and Esmon, 1991). Thrombin
apparently shares this acidic residue only with protein C,
whereas the majority of trypsin-like enzymes carry a
glutamine at this position. In bovine pancreatic trypsin
inhibitor complexes with trypsin, the equivalent Gln192
side chain hydrogen bonds via its amide nitrogen to the
P2 carbonyl oxygen and compensates the parallel dipole
moments of this and of adjacent carbonyl groups (Huber
et al., 1974; Bode et al., 1984). The Glul92 carboxylate
side chain of wild-type thrombin cannot form such a
hydrogen bond; in fact, in PPACK~thrombin the Glu192
side chain does not interact with the PPACK inhibitor,
but extends freely into solution (Bode et al., 1989, 1992).
Consistent with this role, the Glu192—GIn mutant binds
the bovine pancreatic trypsin inhibitor several orders of
magnitude more tightly than the wild-type enzyme (Guinto
et al., 1994).

Altogether, the binding of the first rhodniin domain to
the thrombin active site seems to be governed by shape
complementarity, favourable hydrogen bonding and
electrostatic interactions with opposite polarities in the
non-primed and primed regions (see Figure 5).




The carboxy-terminal domain interacts with the
fibrinogen recognition exosite of thrombin via relatively
contourless faces. Of the many potential salt bridges in
this rhodniin—thrombin arrangement, only two are directly
made between the proteins, which together with a few
intermolecular hydrogen bonds might provide direc-
tionality determining their arrangement. Preliminary
electrostatic potential calculations indicate that most of
these negative charges still feel the strong positive potential
created by the thrombin exosite, and vice versa, and
that this electrostatic contribution might be even more
important for rhodniin than for hirudin, due to the more
dense accummulation of negative charges on the inter-
acting ‘inner’ rhodniin face compared with that of the
hirudin tail (see Figure 5). This overall dominance of the
electrostatic interactions in binding of the carboxy-terminal
rhodniin domain is also suggested by the quite strong ionic
strength dependence of the complex formation (J.Dodt,
personal communication).

Quite peculiar is the arrangement of the extremely
acidic linker peptide, which was expected to align along
the exosite furrow running around the exposed 37 loop of
thrombin, as observed for the tail segment Asp55-Ile59
of hirudin or the exosite binding pentapeptide Lys51'-
Phe55’ of the thrombin receptor (Qiu ez al., 1992; Mathews
et al., 1994). The crystal structure of the rhodniin—
thrombin complex instead reveals that this linker is kept
at a considerable distance from the exosite furrow. Most
of the acidic side chains extend parallel to the thrombin
surface instead of toward it, but their negative charges will
certainly contribute to overall binding. An evolutionary
advantage of this design might be that the linker segment
does not have to be adapted to the restrictive exosite
consensus sequence, characterized by several positively
charged residues interspersed with hydrophobic crevices
(see Stubbs and Bode, 1993).

Due to charge—charge repulsion, this highly negatively
charged inter-domain linker might rather act as a spacer
element that separates the domains in the non-complexed
state into an extended conformation ready for thrombin
binding. Similar to hirudin (Stone and Hofsteenge, 1986),
rhodniin and thrombin might also mutually orient one
another upon approach through electrostatic interactions.
The second domain might first bind to the fibrinogen
recognition exosite in a less restricted manner, before the
amino-terminal domain would fit into thrombin’s active-
site cleft. With the individual domains binding in the
nanomolar to micromolar range (data not shown), the
additive contributions would result in the tight-binding
rhodniin—thrombin complex. Further kinetic experiments
with both independent domains and crystallographic
studies are needed to clarify the detailed association steps.

Materials and methods

Bovine thrombin was prepared from ox blood as described by Brandstetter
et al. (1992). Recombinant rhodniin was expressed in the yeast Hansenula
polymorpha (Rhein Biotech GmbH, Diisseldorf) and purified according
to Friedrich et al. (1993). Thrombin was co-crystallized with a slight
excess of a 1:1 molar ratio of rhodniin to thrombin. Orthorhombic
crystals (space group P2,2,2;, two complexes per asymmetric unit) and
monoclinic crystals (space group C2, two complexes per asymmetric
unit) were grown at 20°C as needles from 10% PEG 4000, 300 mM
phosphate buffer pH 6, in hanging drops using the vapour diffusion

Crystal structure of rhodniin-thrombin complex

Table II. Crystal data and refinement parameters for the rhodniin—
thrombin complexes

Spacegroup C2 P2,2,2,
Cell constants (A)
a 114.74 91.311
b 1123 111.6
c 92.07 112.14
B () 94.97
Limiting resolution (A) 26 3.1
Significant measurements 89438 31602
Rerge® (%) 49 6.2
Independent reflections 33844 16957
Completeness 94.5% (©-2.6 A)  79.1% (-3.1 A)
outermost shell 78.2% (2.66-2.6 A) 82.3% (3.17-3.1 A)
Non-hydrogen protein atoms 6530 6530
Solvent molecules 203 73
Reflections used for refinement 30087 15063
Resolution range A) 8.0-2.64 8.0-3.1
Completeness (%) 91.3 75.1
R value® (%) 18.9 17.5
Riree (%) 26.2
R.m.s. standard deviation
bond lengths (A) 0.010 0.010
bond a.niles © 1.66 1.62
R.m.s.B¢ (A?) 3.83 1.96

aRmerge = Z[IHDVZL
bR value = Z(IF jyh-IF ol VEIF gpql.
°R.m.s.B, r.m.s. deviation of the B-factor of bonded atoms.

technique. Diffraction data up to 3.1 A for the orthorhombic crystals
and 2.6 A for the monoclinic ones were collected on a MAR imaging
plate system, evaluated using the Mosflm package (Leslie, 1994) and
ROTAVATA from the CCP4 Suite (CCP4, 1994), and loaded and scaled
with PROTEIN (Steigemann, 1974).

The structure was solved by Patterson search techniques. Rotational
and translational searches for the orientation and position of the thrombin
molecules in the monoclinic crystals were performed with the program
AMoRe (Navaza, 1994) using data up to 3.5 A and the bovine thrombin
model as previously obtained in complex with NAPAP (Brandstetter
et al., 1992). The rotational search showed two solutions with correlation
values of 0.22 and 0.20 over 0.09 for the next highest peak. Translational
search and rigid body fitting for these two solutions resulted in a
correlation value of 0.54, with the two independent complex molecules
related by a 176° rotation axis almost parallel to c. The initial phases
obtained from the thrombin molecules were good enough to trace (in
addition to the two thrombin molecules) parts of the amino-terminal
domain of rhodniin closely bound to thrombin. An envelope covering
thrombin and rhodniin’s amino-terminal domain and the region where
the carboxy-terminal domain was expected to be was created, and the
density between the two molecules in the asymmetric unit was averaged
using the programs MAIN (Turk, 1992) and PROTEIN. Several refine-
ment cycles, consisting of model-building using O (Jones et al., 1991)
and conjugate gradient minimization with X-PLOR (Briinger, 1992a)
using the parameters of Engh and Huber (1991), reduced the R value to
0.189. In the later stages restrained individual B-factor refinement was
applied. The free R value (Briinger, 1992b) was used with 10% of the
reflections to gauge the progress of the initial refinement steps. The final
free R value was calculated as 0.262. Two hundred and three water
molecules were placed at stereochemically reasonable positions.

For the orthorhombic data, the rotational and translational search was
also performed with AMoRe using the same model as in the monoclinic
case. Only one rotational solution was found with a correlation value of
0.22 over 0.12 for the next highest peak. The translational search yielded
two solutions (correlation values of 0.26 and 0.37), with the two
molecules having almost the same orientation, but shifted by almost
1/2 along b and c, simulating a pseudo centered lattice. Seventy-three
water molecules from the monoclinic model were included in the
orthorhombic models that showed peaks of at least 20 in the difference
density. The orthorhombic data were refined to a final R value of 0.175
using X-PLOR (see Table II).

In one of the two rhodniin copies present in the monoclinic crystals,
the complete rhodniin chain can be traced in the electron density, whereas
there is no density for the first three amino acids in the second copy.
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The rhodniin structure is virtually the same in all four copies examined
here. Therefore, the description of structural features will refer to the
complex with the better defined rhodniin molecule (molecule 2 in the
monoclinic crystal form).

The coordinates of both crystal forms have been deposited with the
Brookhaven Protein Data Bank.
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